Abstract. We present Monte Carlo modeling studies to provide a quantitative understanding of contrast observed in spatially resolved reflectance spectra of normal and highly dysplastic cervical tissue. Simulations have been carried out to analyze the sensitivity of spectral measurements to a range of changes in epithelial and stromal optical properties that are reported to occur as dysplasia develops and to predict reflectance spectra of normal and highly dysplastic tissue at six different source-detector separations. Simulation results provide important insights into specific contributions of different optical parameters to the overall spectral response. Predictions from simulations agree well with in vivo measurements from cervical tissue and successfully describe spectral differences observed in reflectance measurements from normal and precancerous tissue sites. Penetration depth statistics of photons detected at the six source-detector separations are also presented to reveal the sampling depth profile of the fiber-optic probe geometry simulated. The modeling studies presented provide a framework to meaningfully interpret optical signals obtained from epithelial tissues and to optimize design of optical sensors for in vivo reflectance measurements for precancer detection. Results from this study can facilitate development of analytical photon propagation models that enable inverse estimation of diagnostically relevant optical parameters from in vivo reflectance measurements. © 2006 Society of Photo-Optical Instrumentation Engineers.
Introduction
Numerous clinical studies present good evidence that reflectance spectroscopy is sensitive to the morphological, structural, and biochemical changes associated with development of epithelial precancer. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the biological basis of observed differences in reflectance spectra of normal and dysplastic tissue is not completely understood. Modeling studies are necessary to analyze how the presence of dysplasia alters the optical properties of epithelial tissues and to provide a quantitative understanding of the specific contributions of known physiological dysplastic changes to the overall spectral response.
Monte Carlo modeling provides the most flexible approach to study photon propagation in tissues. While analytical models generally impose limitations on the tissue parameters and the source-detector geometry to be simulated, [12] [13] [14] Monte Carlo-based models can accurately describe photon propagation in multilayered tissue geometries and can account for sophisticated fiber-optic probe designs used in in vivo clinical studies. Monte Carlo modeling has been widely employed to analyze tissue reflectance from a number of different organ sites. [15] [16] [17] [18] These studies have provided significant insight to understand disease-related changes in tissue reflectance spectra. For reflectance spectroscopy to be adopted as a tool for diagnosis of epithelial precancer, however, additional studies are required to more fully understand the connection between the changes in tissue optical properties that occur with dysplasia and the resulting changes in reflectance spectra.
Epithelial tissues, such as the intestine, oral cavity, and cervix, are generally described as two-layer media consisting of a thin epithelium on top of an underlying stroma. The presence of dysplasia in epithelial tissues leads to increased light scattering from epithelial cells and increased absorption in the stroma. Increased scattering from epithelial cells occurs as a result of increased nuclear size, increased DNA content, and hyperchromasia with coarse and irregular chromatin clumping. 19, 20 Increased absorption in the stroma arises from elevated hemoglobin concentration due to increased microvessel density and angiogenic activity in dysplastic tissue. 21, 22 Recent evidence suggests that dysplastic progres-sion also leads to decreased scattering in the stroma, 6, 8 possibly due to decomposition and reorganization of the collagen matrix. [23] [24] [25] [26] Monte Carlo modeling can be used to investigate the influence of all of these changes on reflectance signals and to identify key features that can aid in interpretation of reflectance spectra with the ultimate goal of distinguishing normal and precancerous tissues. Another benefit of Monte Carlo modeling is the ability to assess the significance of acquiring spatially resolved reflectance spectra using multiple source-detector separations. It is known that as the distance between the source and the detector fiber is increased, the sampling depth of detected photons increases. [27] [28] [29] Therefore, spatially resolved reflectance spectroscopy can be used to sample different depths in epithelial tissues. 7, [30] [31] [32] [33] Analysis of the spectral response and the sampling depth characteristics of different source-detector fiber pairs can provide insight into which source-detector separations may provide the most diagnostically significant information.
Recently, there have been many attempts to develop mathematical or computational models that enable inverse estimation of optical parameters from in vivo fluorescence and/or reflectance measurements. 3, [34] [35] [36] [37] [38] [39] A basic premise of these studies is that direct information about diagnostically relevant optical parameters will result in more effective classification algorithms. Progress in this respect is possible only through investigation and identification of differences in spectral characteristics of normal and precancerous tissues within the framework of a forward modeling scheme. Such an approach based on Monte Carlo simulations is likely to facilitate development of inverse models and help devise inverse estimation strategies.
The goal of the research described in this paper is to develop a forward model that provides a quantitative understanding of the differences observed in spatially resolved reflectance spectra of normal and highly dysplastic cervical tissue. Our group has collected a significant amount of clinical reflectance data as part of a large diagnostic trial of in vivo fluorescence and reflectance spectroscopy for cervical precancer detection. We have used Monte Carlo modeling to simulate the clinical fiber-optic probe used to acquire reflectance measurements at six different source-detector separations. Simulations have been carried out to analyze the sensitivity of spectral measurements to various possible changes in epithelial and stromal optical properties associated with dysplasia and to predict reflectance spectra of normal and highly dysplastic cervical tissue for different source-detector separations. Predictions from simulations are compared to spectra measured in vivo from patients in different diagnostic categories. Comparing Monte Carlo simulation results to real clinical measurements provides a basis to understand the biological basis of spectral changes that accompany dysplastic progression. Penetration depth statistics of photons detected at the six source-detector separations are also presented to reveal the sampling depth profile of the clinical fiber-optic probe.
Methods

Clinical Measurements of Reflectance Spectra from Cervical Tissue
Clinical reflectance spectroscopy data have been collected over the past several years at The University of Texas M. D. Anderson Cancer Center ͑Houston, Texas͒, Lyndon B.
Johnson Hospital ͑Houston, Texas͒, and The British Columbia Cancer Research Center ͑Vancouver, Canada͒ as part of a large ongoing diagnostic trial of in vivo fluorescence and reflectance spectroscopy for cervical precancer detection. Reflectance measurements presented in this paper represent the subset of data obtained at The British Columbia Cancer Research Center. The fiber-optic probe used in this clinic had a 5-mm outer diameter, and reflectance spectra were obtained at six different source-detector separations. A schematic diagram of the tip of the probe is shown in Fig. 1 . The central portion of the probe was utilized for fluorescence excitation and collection. The fibers shown in Fig. 1 were used to acquire spatially resolved reflectance spectra. All of the fibers had a 200-m diameter and a numerical aperture of 0.22. In Fig. 1 , D indicates the detector fiber, and the fibers labeled 1 to 6 represent the source fibers delivering broadband excitation light from a Xenon lamp. The labels 1 to 6 are used to distinguish the source fibers belonging to different groups corresponding to six different source-detector separations. The source-detector geometry is detailed in Table 1 , which lists the center-to-center source-detector separations and the total number of source fibers present for each source-detector separation. Note that the number of source fibers increases with increasing source-detector separation. Since reflectance signals are expected to be lower for large source-detector separations, using a larger number of source fibers increases the volume of tissue sampled and allows satisfactory signal to noise ratios to be obtained. As part of preprocessing, spectra measured from cervical tissue sites were normalized by standard spectra measured from an integrating sphere made of spectralon. This normalization corrected for the wavelengthdependent source intensity and the wavelength-dependent response of the optical system and scaled the tissue measurements to factor out the number of source fibers. 1 Schematic diagram of the tip of the fiber-optic probe used to acquire clinical measurements. The central portion of the probe was used for fluorescence measurements, whereas the fibers shown were used to obtain spatially resolved reflectance spectra. In the figure, D is the detector fiber, and the labels 1 to 6 represent different sets of source fibers located at specified distances from the detector fiber.
Tissue spectra for each of the six source-detector separations consisted of 113 intensity measurements corresponding to wavelengths from 370 nm to 650 nm in 2.5-nm increments. Following spectroscopic measurements, cervical tissue sites were biopsied and submitted for histopathologic analysis. Spectral measurements were made and biopsies were taken under colposcopic guidance with 7 to 14ϫ magnification. All measurements were made by providers with significant experience in performing colposcopy, which has a spatial resolution of approximately 200 m. A group of pathologists classified the biopsied sites into diagnostic categories including normal ͑negative for dysplasia͒, atypia, human papilloma virus ͑HPV͒-associated changes, CIN ͑cervical intraepithelial neoplasia͒, and CIS ͑carcinoma in situ͒. The CIN biopsies were further subclassified as CIN 1 ͑mild dysplasia͒, CIN 2 ͑moderate dysplasia͒, and CIN 3 ͑severe dysplasia͒. Since the main focus of the research described in this paper is to analyze reflectance spectra of normal and highly dysplastic cervical tissue, the clinical data set presented hereafter consists solely of reflectance measurements obtained from sites that were classified as normal, CIN 3, or CIS.
Input for Monte Carlo Modeling
The fixed-weight, multilayered Monte Carlo code used for the simulations presented hereafter has been implemented in C/Cϩϩ. The simulations have been carried out for every 20 nm between 360 nm and 640 nm. These fifteen wavelengths were sufficient to provide a reasonable characterization of spectral reflectance. Each simulation has been performed using 10 8 input photons.
Tissue parameters
Cervical tissue was considered to be a two-layer medium with the epithelium on the top and the stroma underneath. The thickness of the normal cervical squamous epithelium 40 was assumed to be 300 m, and the stroma was modeled as a semi-infinite medium. Use of realistic and relevant optical properties is a crucial part of modeling. The values used in this paper to model normal cervical tissue have been collected from various sources. These were mostly based on measurements from cervical tissue or other tissues having a similar architecture. Epithelial scattering coefficients were obtained from confocal measurements of ex vivo cervical tissue samples. 41 Epithelial absorption coefficients and stromal scattering coefficients were based on a study by Qu et al. 42 reporting integrating sphere measurements of bronchial tissue. Absorption in the stroma can be attributed to hemoglobin and collagen. Absorption coefficients of both of these components were calculated separately and summed to characterize stromal absorption. Hemoglobin absorption coefficients were computed using the extinction coefficients compiled by Prahl. 43 Concentration of hemoglobin in blood 18, 43 was assumed to 150 g / l, hemoglobin oxygen saturation 3,17,18,44 was assumed to be 60%, and the volume fraction of the blood in the stroma 3, 18, 44, 45 was estimated to be 0.3%. Collagen absorption coefficients were based on results reported for bloodless skin samples. 45, 46 Figure 2 shows the scattering and absorption coefficients used to model squamous normal cervical tissue. The wavelength resolution in the plots is 20 nm. In the simulations, the refractive indices of both the epithelium and the stroma were set to 1.4. The epithelial anisotropy factor was assigned a value of 0.95, and the stromal anisotropy factor was assumed to be 0.88, independent of wavelength. 47 In modeling epithelial precancer, we considered only changes in epithelial scattering coefficient, stromal absorption coefficient, and stromal scattering coefficient. An increase in epithelial scattering coefficient for highly dysplastic cervical tissue has been reported by Collier et al. 41 An increase in stromal absorption coefficient is also expected since angiogenesis associated with progression of dysplasia has been well documented. 21, 22 It has also been reported that the collagen matrix in the stroma degrades with progression of dysplasia, [23] [24] [25] [26] and degradation of the collagen matrix may lead to a decrease in stromal scattering coefficient. 6, 8 Therefore, the main focus of the modeling studies presented in this paper was to assess the contribution of alterations in these three optical parameters to dysplasia-associated changes in spectral response. The epithelial absorption coefficient, the refractive indices, and the anisotropy factors were kept the same as in the case of normal tissue. Epithelial thickness for dysplastic tissue was again assumed to be 300 m. 
Fiber-optic probe parameters
Fiber parameters were selected to match the geometry of the clinical fiber-optic probe and to simulate the six sourcedetector separations given in Table 1 . Photon launch and detection were restricted to an angular range that was consistent with the numerical aperture of the fibers. The refractive indices of both the source and the detector fibers were set to 1.5, and the refractive index mismatch between the fibers and the tissue was accounted for using the Fresnel relation. We also assumed that the material between the fiber tips was highly absorptive to prevent any internal reflection off the probe surface.
Output from Monte Carlo Modeling
The output of each simulation includes detected reflectance intensity for each of the six source-detector separations. Three simulations have been carried out for each set of optical properties considered, and the spectra presented for each sourcedetector separation correspond to the averages over three different simulations. Intensities at the fifteen wavelengths simulated have been interpolated in MATLAB using piecewise cubic Hermite polynomials, decreasing the sampling interval for the spectral Monte Carlo modeling plots to 2.5 nm.
Maximum penetration depths of all the photons collected at each source-detector separation have also been recorded during the Monte Carlo simulations. Note that maximum penetration depth as used here is defined to be the maximum depth in tissue at which a photon undergoes a scattering event.
Average maximum penetration depth corresponds to the maximum penetration depth averaged over all detected photons, and analysis of this parameter as a function of wavelength can provide a better understanding of the differences in reflectance spectra for different source-detector separations and can reveal the sampling depth characteristics of different sourcedetector fiber pairs.
Results
Sensitivity of Spectral Reflectance to Possible Dysplastic Changes
As an initial step to better understand the spectral changes associated with each optical property affected by the presence of dysplasia, simulations were carried out to investigate each change separately. The following sections present Monte
Carlo modeling results that demonstrate the sensitivity of spectral reflectance to increased epithelial scattering, increased stromal absorption, and decreased stromal scattering. Figure 3 shows the effect of varying the epithelial scattering coefficient, s,epithelium , on reflectance spectra for the six different source-detector separations. The light-colored spectra correspond to the results obtained with the base optical properties shown in Fig. 2 . The solid black spectra were obtained by increasing s,epithelium by a factor of two, and the dashed black spectra were obtained by increasing s,epithelium by a factor of three. All the other optical parameters were held constant. For each source-detector separation, the base spectrum designated as normal has been normalized such that the reflectance intensity at 640 nm equals one. The same scaling factor has been applied to the other two spectra shown in each plot. Simulation results show that the difference in intensity levels for the smallest and the largest source-detector separation is about two orders of magnitude. Note, however, that the normalization scheme described allows all the spectra to be plotted on the same scale and enables direct comparison of spectral shapes for different source-detector separations. The spectra in Fig. 3 illustrate typical characteristics associated with tissue reflectance. The valleys in the spectra due to hemoglobin absorption maxima at around 420 nm, 540 nm, and 580 nm are evident for all source-detector separations, and these valleys tend to become wider and shallower as the source-detector separation is increased. Note also that the spectra for smaller source-detector separations are flatter, whereas the relative rate of wavelength-dependent increase in reflectance intensity is higher for larger source-detector separations. The results also demonstrate that changing the epithelial scattering coefficient does not have a significant effect on either the reflectance intensity or the spectral shape for any of the source-detector separations. For the smallest sourcedetector separation that represents the case where the source fiber and the detector fiber are placed next to each other, increasing s,epithelium results in a slight decrease in reflectance intensity ͓Fig. 3͑a͔͒. For the other five source-detector separations, increasing s,epithelium leads to a slight increase in reflectance intensity ͓Fig. 3͑b͒-3͑f͔͒. Figure 4 shows the effect of varying the stromal absorption coefficient, a,stroma , on reflectance spectra for the six different source-detector separations. As in Fig. 3 , the light-colored spectra correspond to the results obtained with the base optical properties. The solid black spectra and the dashed black spectra were obtained by increasing a,stroma by a factor of two and three, respectively, while keeping all the other parameters constant. These results have also been normalized such that the reflectance intensity at 640 nm equals one for the base case. Figure 4 shows that increasing a,stroma significantly decreases the reflectance intensity for all sourcedetector separations. Increasing the stromal absorption coefficient also results in wider and shallower hemoglobin absorption valleys, which is particularly evident for sourcedetector separations of 0.50 mm, 0.75 mm, 1.10 mm, and 2.10 mm ͓Fig. 4͑b͒-4͑e͔͒. Note that for the source-detector separation of 3.00 mm ͓Fig. 4͑f͔͒, increasing a,stroma leads to detection of very few reflected photons, almost entirely flattening out spectral features associated with hemoglobin absorption.
Epithelial scattering
Stromal absorption
Stromal scattering
The effect of varying the stromal scattering coefficient, s,stroma , is shown in Fig. 5 . The solid black spectra were obtained by decreasing s,stroma by 25% relative to that used for the light-colored spectra, and the dashed black spectra were obtained by decreasing s,stroma by 50%. All other optical parameters were held constant. The results were normalized using the same method described for Figs. 3 and 4 . Results in Fig. 5 illustrate that changing the stromal scattering coefficient has considerable influence on spectral profiles. Decreasing s,stroma decreases the reflectance intensity and flattens out the spectra for the four smallest source-detector sepa- rations ͓Fig. 5͑a͒-5͑d͔͒, with 1.10-mm separation being least sensitive to changes in s,stroma ͓Fig. 5͑d͔͒. Interestingly, the trend reverses for source-detector separations greater than 1.10 mm, and decreasing s,stroma actually increases the reflectance intensity for the two largest source-detector separations ͓Fig. 5͑e͒ and 5͑f͔͒. In these cases, decreasing s,stroma increases the relative rate of wavelength-dependent increase in reflectance intensity and deepens the hemoglobin absorption valleys.
Predictions for Spectral Reflectance of Highly Dysplastic Cervical Tissue
To predict spectral changes associated with dysplastic progression, we must consider the effects of increased epithelial scattering, increased stromal absorption, and decreased stromal scattering simultaneously. Measurements by Collier et al. 41 using confocal microscopy indicate that there is a threefold increase in the epithelial scattering coefficient of highly dysplastic cervical tissue relative to normal tissue. It has been shown that the microvessel density in the stroma increases by approximately a factor of two in the case of severe cervical dysplasia. 21, 22 Therefore, in modeling reflectance spectra for highly dysplastic cervical tissue, we increased the epithelial scattering coefficient, s,epithelium , by a factor of three and the stromal absorption coefficient, a,stroma , by a factor of two.
Since there is no quantitative information about changes in stromal scattering, three cases were considered. In the first case, the stromal scattering coefficient, s,stroma , was kept the same as in normal tissue. In the second case, s,stroma was decreased by 25% compared to normal tissue, and in the third case, s,stroma was decreased by 50%. Figure 6 shows the simulation results corresponding to different combinations of optical properties. The light-colored solid spectra represent results for normal tissue, and the remaining three spectra represent results corresponding to different stromal scattering coefficients. For each source-detector separation, the spectrum for normal tissue has been normalized such that the reflectance intensity at 640 nm equals one. The same scaling factor has been applied to the other spectra shown in each plot. The results illustrate that decreasing s,stroma in addition to other dysplastic changes simulated decreases the reflectance intensity for the first four source-detector separations ͓Fig. 6͑a͒-6͑d͔͒. For the remaining two source-detector separations, decreasing s,stroma increases the reflectance intensity. These 
Comparison of Monte Carlo Modeling Results to Clinical Measurements
The clinical data set available consisted of reflectance spectra measured in vivo from 176 cervical tissue sites in 136 patients. The mean age of the patients was 35, with a standard deviation of 10. Table 2 shows the breakdown of measurements according to histopathologic diagnosis as well as age. The CIN 3+ category involves sites that were classified as CIN 3 or CIS. Figure 7 shows the averaged reflectance spectra for the two diagnostic categories. Two different age groups are plotted separately to explore whether there are any age-related differences in reflectance measurements, as have been observed in autofluorescence measurements. 47, 48 For each source-detector separation, the averaged spectrum corresponding to normal tissue sites obtained from patients older than 35 has been normalized such that the reflectance intensity at 640 nm equals one. The same scaling factor has been applied to the remaining three averaged spectra. The figure also shows the standard deviations corresponding to the averages for each group. The averaged clinical reflectance spectra shown in Fig.  7 indicate that CIN 3+ leads to an overall decrease in reflectance intensity for all source-detector separations. The hemoglobin absorption valleys at around 420 nm, 540 nm, and 580 nm tend to be broader for the case of CIN 3+. Agerelated differences are most pronounced for the smallest source-detector separation ͓Fig. 7͑a͔͒. The relative intensity differences between normal and CIN 3+ tissue sites tend to be larger for patients older than 35. For patients 35 years old or younger, the intensity differences are smaller. Note that as the source-detector separation increases, age-related differences in the averaged spectra diminish. Figure 7 also demonstrates that there can be extensive variability in the measured reflectance spectra, as evidenced by the large standard deviations characterizing the averages. Figure 8 compares the averaged clinical reflectance spectra for different diagnostic categories to predictions from Monte Carlo simulations. In comparing clinical measurements to model predictions, we combined the two age groups and computed the averages for normal and CIN 3+ sites over the entire data set. Visual inspection of these averages and model predictions from Fig. 6 revealed that the simulation results that best matched the dysplastic changes observed in averaged clinical data corresponded to the case with s,epithelium ϫ 3, a,stroma ϫ 2, and s,stroma ϫ 0.75. Therefore, the modeled spectra shown in Fig. 8 for CIN 3+ represent this particular case. For each source-detector separation, the modeled spectrum for normal tissue has been normalized such that the reflectance intensity at 640 nm equals one. The same scaling factor has been used to normalize the modeled spectrum for CIN 3+ tissue. A similar normalization scheme has been applied to the averaged clinical data, enabling comparison of modeled and measured spectra on the same scale. Also shown in Fig. 8 are the standard deviations of Monte Carlo modeling results over three different simulations. These standard deviations provide some insight into the variability of simulation results and are included for only three wavelengths to maintain clarity of the plots. The figure shows that there is extremely good agreement between modeled and measured reflectance spectra for all source-detector separations. We conclude that the base optical properties of Fig. 2 that have been used to model squamous normal tissue can adequately reproduce spectral features observed in clinical measurements. The modeled spectra accurately predict the relative rate of wavelength-dependent increase in reflectance intensity for different source-detector separations. It is also evident in Fig. 8 that increasing the epithelial scattering coefficient by a factor of three, increasing the stromal absorption coefficient by a factor of two, and decreasing the stromal scattering coefficient by 25% predict changes with severe dysplasia that are in good agreement with those observed in clinical data. Simulation results based on these assumptions accurately predict the relative decrease in reflectance intensity for CIN 3+ tissue sites. Broadening of hemoglobin absorption valleys in spectra measured from CIN 3+ tissue sites is also well captured in the modeled spectra. The most significant intensity discrepancies between averaged clinical measurements and modeling results for CIN 3+ tissue tend to occur for wavelengths greater than 600 nm, especially for the largest sourcedetector separation ͓Fig. 8͑f͔͒. Note that for large sourcedetector separations, there is increased variability in Monte Carlo modeling results, which is evidenced by large standard deviations. This is due to the fact that the relative number of detected photons is smaller for larger source-detector separations. Figure 9 shows the average maximum penetration depths computed for two sets of optical properties. The first set corresponds to the optical properties for normal tissue, and the second set corresponds to the case with s,epithelium ϫ 3, a,stroma ϫ 2, and s,stroma ϫ 0.5. These two particular sets were chosen since they represent the two extreme cases presented in Fig. 6 . The standard deviations over three different simulation results are shown for three wavelengths. The results shown in Fig. 9 demonstrate that as the distance between the source and the detector increases, photons penetrate deeper into the tissue before they reach the detector fiber. The wavelength-dependent increase in average maximum penetra- tion depth is greater for larger source-detector separations. Note also that as the source-detector separation increases, hemoglobin absorption appears to have a more profound effect on the penetration depth profiles. The average maximum penetration depths are almost always smaller for the case with s,epithelium ϫ 3, a,stroma ϫ 2, and s,stroma ϫ 0.5.
Analysis of Depth Sensitivity
An important point to note is that even for the smallest source-detector separation, the average maximum penetration depth is greater than the epithelial thickness over the entire spectral range. This means that almost all of the photons collected penetrate into the stroma, and this source-detector geometry cannot exclusively probe the epithelial layer. In fact, the simulation results for the smallest source-detector separation indicate that for normal tissue, only 0.2 to 0.6% of detected photons do not enter the stroma and scatter only in the epithelium. For the case with s,epithelium ϫ 3, a,stroma ϫ 2, and s,stroma ϫ 0.5, this fraction increases to only about 5 to 17%. In both cases, the high end of the percentages corresponds to results computed at 420 nm.
Discussion
The averaged clinical spectra presented in this paper indicate that severe dysplasia results in decreased reflectance intensity.
A decrease in reflectance signals with progression of dysplasia has been previously observed in a number of recent clinical studies.
3,6-8, 11 Huh et al., 10 on the other hand, have reported an overall increase in reflectance intensity for highly dysplastic cervical tissue. It should be pointed out, however, that the study by Huh et al. 10 employed a noncontact optical probe operating at a distance of 10 cm from the tissue surface, as opposed to a contact probe employed in our study and in those reporting similar results. 3,6-8, 11 Zonios et al. 3 have also noted that the reflectance spectra for highly dysplastic tissues are characterized by more prominent hemoglobin absorption valleys. This is in line with our observation of broader hemoglobin absorption valleys in CIN 3+ tissue sites.
Monte Carlo simulations presented provide a quantitative understanding of the relationship between tissue optical properties and spatially resolved reflectance spectra. Increase in epithelial scattering, increase in stromal absorption, and decrease in stromal scattering are all likely to accompany dysplastic progression, but the results of the sensitivity analysis presented in Fig. 3 through Fig. 5 indicate that for the simulated fiber-optic probe geometry, increasing epithelial scattering has minimal effect on detected reflectance. The slight differences brought on by varying the epithelial scattering coefficient are mostly within the uncertainty limits of the simulation results. Increasing stromal absorption and decreas- ing stromal scattering, on the other hand, profoundly affect spectral reflectance. It is also important to note that changing a given optical parameter can lead to different trends in spectral response depending on the source-detector separation. This is best illustrated in Fig. 5 , which shows that decreasing the stromal scattering coefficient decreases the reflectance intensity for small source-detector separations. For large sourcedetector separations, decreasing the stromal scattering coefficient tends to increase the reflectance intensity. This result is consistent with the diffusive characteristics of a highly scattering medium such as the stroma. A decrease in stromal scattering coefficient allows photons to penetrate deeper into the tissue and reduces the probability of reflection close to the source fiber. Thus, the number of photons detected at small source-detector separations decreases. Photons that penetrate deep into the stroma exit the tissue at larger distances from the source fiber, resulting in enhanced probability of detection at large source-detector separations. Figure 5 also shows that reflectance spectra are least sensitive to changes in stromal scattering coefficient for an intermediate source-detector separation. Existence of a particular range of source-detector fiber separations for which reflectance signals are quite insensitive to the scattering parameters has been previously reported by Mourant et al. 49 In predicting reflectance spectra for highly dysplastic tissue, three different combinations of optical properties were tested. These different combinations focused on analyzing the effect of changing the stromal scattering coefficient. Simulation results indicate that increasing the epithelial scattering coefficient by a factor of three, increasing the stromal absorption coefficient by a factor of two, and decreasing the stromal scattering coefficient by 25% resulted in generation of spectra that were consistent with dysplastic changes observed in averaged clinical measurements. An important question is whether the dysplastic changes observed in averaged reflectance measurements can be explained through alternative combinations of optical properties. For example, intensity level differences can be accounted for by assuming no reduction in stromal scattering coefficient but by further elevating the stromal absorption coefficient. Note, however, that, as evidenced in Fig. 4 , further elevation of stromal absorption would flatten out spectral features to an extent not consistent with clinical measurements. More importantly, visual inspection of the modeled spectra presented in Fig. 6 reveals that incorporation of reduced stromal scattering plays an integral role in characterizing the rate of wavelength-dependent increase in reflectance intensity, especially for larger sourcedetector separations. Averaged reflectance spectra measured from CIN 3+ sites illustrate that reflectance intensity for wavelengths greater than 600 nm tends to increase sharply for the three largest source-detector separations. Monte Carlo modeling results shown in Fig. 6 provide strong evidence that this behavior is most consistent with decreased scattering coefficient.
Although the structural and optical properties used to model cervical tissue can accurately describe spectral features observed in clinical measurements, it is important to revisit and discuss some of the assumptions involved. For example, the same refractive index was assigned to both epithelium and stroma. It is true that collagen fibers in the stroma are optically denser compared to epithelial cells, but the extracellular medium in which both epithelial cells and collagen fibers are embedded has a refractive index of about 1.35. 50 Therefore, assignment of a refractive index of 1.4 to both tissue layers is a reasonable assumption. To assess the effect of a possible refractive index mismatch at the interface of the two tissue layers, we have carried out Monte Carlo simulations where a refractive index of 1.35 was assigned to the epithelium and a refractive index of 1.45 was assigned to the stroma, corresponding to the maximum probable refractive index difference between the two layers. Simulation results indicate that for normal tissue, the deviation of reflectance intensity at 500 nm from the default value averages to about 4% for the six source-detector separations, and the deviation of the corresponding average maximum penetration depth averages to about 3%. For the case with s,epithelium ϫ 3, a,stroma ϫ 2, and s,stroma ϫ 0.5, the deviations for the reflectance intensity and the average maximum penetration depth, again at 500 nm, average to about 6% and 2%, respectively. These deviations are mostly within the uncertainty limits of the simulation results, indicating that the effect of a possible refractive index mismatch between the two layers is not significant compared to variations produced by other changes in optical properties. In modeling highly dysplastic cervical tissue, we did not increase the thickness of the epithelial layer. We are not aware of a quantitative study that shows epithelial thickening with progression of dysplasia. There is, however, a recent study 40 that specifically reports no correlation between epithelial thickness and the grade of cervical dysplasia. Given that there is no sound evidence of epithelial thickening with precancer progression, we chose to keep this parameter constant and instead focused on the changes in optical coefficients. Since there is also no sound evidence of significant changes in anisotropy factors with progression of dysplasia, we also kept these parameters fixed for both tissue layers. The simulations presented did not consider any possible effect of acetic acid applied to cervical tissue before spectroscopic measurements and biopsy removal. Acetic acid alters the refractive index profile of epithelial cell nuclei 51 and can potentially lead to changes in epithelial scattering coefficient. Nevertheless, the results in Fig. 3 suggest that any acetic acid-induced changes in epithelial scattering coefficient would have minimal effect on reflectance profiles.
It should also be emphasized that although the modeling results demonstrate good agreement with measured spectra on the average, Fig. 8 illustrates that there can be significant variability among clinical spectra from the same diagnostic category. Biographical variables such as age, race, or hormonal status are likely to influence the biochemical, architectural, and structural properties of cervical tissue. Alterations in optical parameters due to differences in these variables are potential sources of variability in reflectance signals acquired from different patients. A better understanding of the significant interpatient variation observed in clinical measurements requires a quantitative assessment of the influence of biographical variables on optical properties of cervical tissue. It is also evident from Fig. 7 that even when patients from different age groups are considered separately, there can still be significant variability in reflectance intensity. This observation suggests that age alone cannot explain the variability in clinical measurements. On the average, however, the intensity dif-ferences between spectra from normal and CIN 3+ sites tend to be larger for patients older than 35 . It has been reported that collagen cross-linking increases with age, 52 and differences in stromal scattering properties resulting from alterations in the collagen matrix may provide a possible explanation for this trend.
The main benefit of acquiring spatially resolved reflectance spectra is the ability to probe different depths within the tissue. Penetration depth statistics presented in Fig. 9 indicate that larger source-detector separations sample deeper tissue regions, consistent with the results previously reported. [27] [28] [29] Figure 9 also illustrates that the wavelength-dependent increase in average maximum penetration depth is much greater for large source-detector separations, leading to a more significant increase in the number of scattering events a photon undergoes before being detected. This trend explains why the relative rate of wavelength-dependent increase in reflectance intensity is higher for larger source-detector separations. Increasing the epithelial scattering coefficient and increasing the stromal absorption coefficient lead to a decrease in average maximum penetration depth, whereas decreasing the stromal scattering coefficient results in an increase in average maximum penetration depth. Figure 9 indicates that the combined effect of these changes is an overall decrease in average maximum penetration depth. This suggests that the same probe geometry can sample more superficial tissue depths when dysplasia is present.
Perhaps the most important aspect of the penetration depth analysis is the observation that the average maximum penetration depths calculated are always greater than the epithelial thickness. Simulation results indicate that almost all of the photons collected penetrate deep into the stroma and scatter many times before reaching the detector fibers. This is due to the fact that scattering in the epithelial layer is relatively low and mostly forward directed, and stroma is highly scattering. Even for the case where the source and the detector fibers are closely spaced, the number of detected photons that scatter only in the epithelium without penetrating into the stroma is negligibly small. This is consistent with the results shown in Fig. 3 , where changes in epithelial scattering coefficient do not seem to have a significant effect on spectral reflectance even for the smallest source-detector separation.
Epithelial scattering is sensitive to changes in nuclear morphology and chromatin texture, which are important indicators of dysplastic progression. 53 Therefore, collection of photons that scatter only in the epithelium without penetrating into the stroma can prove diagnostically significant. Based on the simulation results presented here, we can conclude that the clinical fiber-optic probe geometry used in this study is mainly sensitive to stromal optical properties. The diagnostic potential of reflectance spectroscopy can be optimized by designing fiber-optic probes that can resolve spectral information from the epithelial layer and hence reveal information about dysplastic changes in both the epithelium and the stroma. Some of the promising probe designs that have recently been explored involve the use of angled source and detector fibers [54] [55] [56] or lens-coupled source and detector fibers. 57 ,58
Conclusions
The goal of the research presented in this paper was to carry out modeling studies to explain differences observed in spatially resolved reflectance spectra of normal and highly dysplastic cervical tissue. Monte Carlo modeling results provide a quantitative understanding of the specific contributions of different epithelial and stromal optical parameters to the overall spectral response. Predictions from simulations agree well with in vivo clinical measurements and can successfully describe differences in intensity and shape of reflectance spectra obtained from normal and CIN 3+ tissue sites. The results from this study are expected to provide a basis to better interpret tissue spectra.
